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BIOSYNTHESIS AND COMPOSTTIO~ OF MILK· 
ROBERT JE).:"I.ESS. PH.D. 
ABSTHACT 
Some of the constituent:,; of milk are unbiquitous biochemical compounds and others are 
unique products of the mammary ~land. Lactnse. the distmctive mdk disaccharide. casetns. 
a group of phosphoprotein&. and fat are present an nearly all mtlks that have been exammed 
and the pathways involved in their biosynthesis are discussed in thts paper. Milks of v~rious 
species differ quantitative!} in the proportton::. of their pnnctpal constituents. These 
differences suggest phylogenetic groupin~ and undoubtedly reflect evolutionary diver~ence. 
The extent to which this divergence has been affected by the nutritive requirements of the 
young, hy the dietary sources of the lactatin~ female, and hy vanous other environmental 
factors has not been completely clarified. 
Evolutionary divergence is also e\tdent in the l'ompostllon and amino acid sequences of 
!.everal famtlies of milk protems. The relationship between ~uch differences and the function 
of these prntems ha::; not yet been elucidated. 
Milk must supply energy. amino actds. mmerals, 
vitamins. and m some cases antihodie!> for the 
metabolism. growth, and well-bemg of the young 
mammal. It doe!. so by means of various cnn:stitu-
en ts (Table I) some of "htch are synthel:med 111 the 
mammary gland. while others enter milk hy trans· 
port mechanism!>. 
OHlt.IN Of' l..ACTATI0'-1 
Present estimates based on anatomic features of 
fossils indicate that mammal!:. arose from certatn 
therapsid reptile" about :.WO million vears a~o 111. 
Since the :,;tructure~ and products in\'ol\'ed tn 
lactation are not preserved as fossils. there is no 
paleonlologic record bv which the time of origin of 
mammary cells can be pmpmnted. Furthermore. it 
is impo:ssible to determme unequtvocally '' hether 
lactation had a sin~le ori~in or several irldependent 
origins; the wet~ht ol present evidence seems to 
indicate a smgle nril{tn The monotreme ltne C\1-
dentlv diverged from the man,upiab and placen -
tal!; at a \er\ earl\ date. Their nearest common 
ancestor must ha\e been n aenture which would be 
classified b~ paleontolol{ists u~ a reptile. Neverthe-
less. histologtc exammatwn sho\\s mammary 
secretor)' celb of munot reme,, marsuptals. and 
placentals to he remarkabh stmtlar [21 Milks ol 
all three lmes share a number olrornmon compost· 
t iunal features, lilll'h as l'!lsems and lacto;.e. Thus, 
lactation probablv OrtJ!tnated in the therapsid 
ancestors of the mammab and hat> diverged from 
that single l'nmmon ongm 
The anc~try of the mammarv glands is by no 
means !iellled satislactonh Havnaud l:ll and Long 
14 I have re\ tewed the e\.'ldence and have not been 
able to decide \\hether the\ are den,·ed from S\\eat 
gland.,, sebaceous ~lands. or hair follicle,_ Of 
cour:,e. ll i~ unlikelv that the ,ecretury celb and the 
• From the Department of Biochemistry College of 
Biolol(ical St·iem·es. UniveNl\ of Minnesota St Paul. 
Mtnnesota :>5101. 
llt<J 
gland arose as a stngle macruevl)lutionary e\ent. 
rather. the prore,.,s probably ill\Ol\ed a serie~ of 
steps each ('<mfemng a selecti\'e ad\antage. A 
logtcal sequence. ongmally sug~e~ted by Darwin 
15 I and rel·ently dtscussed and clarified b~ Long 
14.61 and by Hopson lilts as follows: ( ll E\oluuon 
111 mammal·like repttle:-; of a vasculanzed incuba-
tiOn area. after the attamment of homeothermy: 
(21 preaclaptive utilization of cutaneous secreuons 
from thE' rich!~ vascularized area for adhe~tvene~:~s 
to eg~s or for essential moisture; (:H utilization of 
the secretton as food and drink perhaps fiN by the 
volk sac and eventually in direct lapping by the 
offspring: (I) evolution of suckling behavior. im · 
provement of the se(·retion toward more milk·hke 
charaeterisucs. and elongation of nipples. 
C'APAC'IT\ A~D LJ\IITATIO~S Of' MAM~IAH\ SECRETIOI'o 
Lactauon mvoh·es the al·tivny of a spectallme of 
cells \\hich produce a product unique 111 nature. All 
e\.tdence mdirates that each mammary !>ecretr>r~ 
cell produces complete milk containtng all of the 
ronstituents It seems obvious that lactation origi-
nated long before plal·ental gestauon. Ge;;tatton 
has. to various degrees. replaced lactauon as a 
means for nounshtng the gro" ing young. The 
transitwn from gestation to lactation occurs at an 
early stage in some ~pecies and a much later one in 
other:,. Even within placentals, the ratio of lal'la-
tion ume to gestatwn time. UP. varies from 0 .:2 for 
guinea ptgs or em' to 1.0 for rat or rabbit. Appar-
entlv ecologi<· C(IOstcleration~ ha\·e dictated the 
way in whil·h the rontmuum t!-> broken mtn ge!>ta-
tion and lactllt ton. Gestation. of course. afford!. a 
great deal morE' protect ton tn the youn~. but 11 ts 
li rmt eel h~ the ph~·stcal capacit \of the female. Ces-
tauon ancllactatwn are ol comparable efficiem·y 111 
transferrmg nutnents to the voung. In enher case. 
20 -:10'1. of the energy. above maintenance requtre-
ments. consumed h~ the mother is incorporated 
into the tissues of the voung (~). Lactatton. h<m -
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ever. has a much greater caparit \'tor ~uch t ransler. 
For a co'' at term the fetu>- is lll'rumulat ing LO 
kcal p!.'r day per kl{r ,. maternal body wetghl IR 1. 
On the other hand , a em\ pmducmg on!~ LO kg ot 
milk pN day is furnishang her offl'prmg \\lth 7f> 
kcal/k~" • maternal weight IH]. and Linzell (9) 
recently compiled data lor 22 spel·tes showmg that 
in lactution an nvera~te of ahout 110 kcal per day 
per kg' 1 maternal wetght '' transferred lu the 
young. 
Stn<·e milk production \'anes as the 0. 7!i power of 
body wetght. It is ob\'iout-> that small animab 
produce more milk per unit weight than do large 
ones. Linzell (91 has shov. n thai this is due to the 
fact that :-mall animals ha\·e mnre mammar) 
tissue per untt weight than large ones. Figure 1 
shows the relationship hetween milk output (kcall 
and hodv :;tze. The hi~her metabolic strain of 
lactation em small animal!:. is met b_y huge mcrease:. 
in food consumpttcm as shown in Figure 2 for 
Rattw. norL'egicu.\. Primate:- that have sluv. ·J!TO\\-
ing offspring tend to produce les" milk than other 
mammals of equal wetght 1Ft!! U. Thomson et al 
(10] have eMimated that lactattnl{ women require 
an average non kcal extra food enerl!) per day and 
that they convert this to milk energy \\ith an 
effictem·y cal ahout 90',. 
The balance bet ween the mput of precursor:. and 
the output of mtlk component., by the mammary 
gland of a goat has been determined [1 L ]. Glucose 
is the precursor of lactose and glycerol: P-hydrox~­
butyrate. triglyceridcs, and acetate are l'Onverted 
to fatty acids: and proteins are formed from amino 
acids. The energ~· fur ihe metaboltc processes of 
the gland results from oxidation of glucose. ,8-hy-
d roxybutyratc. latty actds. and acetate. Few 
other spectes have been so carefully studied; how-
ever. swine (and probably nonru minants generally) 
make little use of acetate or hydroxybutyrate as 
10~ Energy output 
m mtlk , 
kca ljday 
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The tnRuence of Pr•ononcy and lac-tation on Food Intake in 
the While Rot . Note the incteoltd food 1ntok• oher porturtlton. (R•drown 
lrom Brody, 19~5 ) 
F1c:. 2. F'oud intake hv the "hue rat !Rattus norvegt-
ctL•l dunn~: pregnancv and lactation 1 redrawn from 
Brodv S: Binener~ct tr» and Growth :-Jew York. Rein -
hold Pub C'nrp 19-15, 102.1 ppl . 
precur;.or:.. Furthermore. the pattern undoubtedly 
\·aries quantitatively among species. 
The compnsttton ul milk t., limited by certatn 
physical properties. One such limitation is the fact 
that milk 1s isoosmotic wnh blood. In both fluids 
the sum of molal concentrations of solutes is about 
0 .. ~ molal. In practical terms this means that the 
sums ol the conrenlratiom• of small-molecular-
weight compounds are equal in t he two fluids since 
large mnlet·ules such as proteins are present in very 
low molal concentration~. The principal contribu-
tors to the osmot1r pressure of blood a re sodium 
and t·hloride ions: but in milk lactose. potassium. 
sodium. and chloride are tnvolved. The biosynthe-
sis of larto!'e i::; the principal regulator of the 
